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Salmonella enterica serovar Typhimurium invade non-phago-
cytic cells by injecting bacterial effector proteins to exploit the
host actin cytoskeleton network. SipC is such a Salmonella
effector known to nucleate actin, bundle F-actin, and translo-
cate type III effectors. The molecular mechanism of how SipC
bundles F-actin and SipC domains responsible for these activi-
ties are not well characterized. We successfully separated these
activities through a series of genetic deletion/insertions in SipC.
We found that the C terminus (amino acids 200 -409) of SipC
bundled actin filaments using in vitro biochemical assays. We
further demonstrated that amino acid residues 221-260 and
381-409 of full-length SipC were indispensable for its actin
binding and bundling activities. Furthermore, Salmonella
mutant strains lacking the actin bundling activity were less inva-
sive into HeLa cells. These studies indicate that the C terminus
of SipC bundles F-actin to promote Salmonella invasion.

Salmonella enterica serovar typhimurium (S. typhimurium)
are Gram-negative enteropathogenic bacteria that infect a vari-
ety of mammalian, avian, and reptile hosts and are responsible
for a range of illness in humans including gastroenteritis and
typhoid fever. These diseases are among the most common
food-borne diseases in humans and represent a major public
health and economical burden worldwide (1-6). Salmonella
species have evolved sophisticated virulence mechanisms to
manipulate host cell functions to their own benefit. These
include specialized type III protein secretion systems (TTSSs)
capable of translocating a panel of bacterial effectors directly
into the host cell (3, 7). Some of these effectors engage and
manipulate the host actin cytoskeleton machinery to facilitate
bacterial internalization into host cells (3, 7—11). The translo-
cation of these effectors through the host plasma membrane
requires Salmonella SipB, SipC, and SipD (12-16).

Many actin-binding proteins use a set of structural modules
to achieve diverse activities and generate distinct topologies of
F-actin bundles (17). F-actin-bundling proteins generally exert
their actin bundling activities by encoding two discrete actin
binding domains within their sequence or by forming a multi-
meric complex that bridges two F-actin filaments together into
a bundle. For example, plastin (Fimbrin) has two actin binding
domains in close proximity to tightly bundle F-actin in
microvilli (18). Furthermore, proteins like «-actinin form

1 The on-line version of this article (available at http://www jbc.org) contains
supplemental Figs. ST and S2.
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homodimers in an antiparallel manner to produce more loosely
ordered F-actin structures such as stress fibers (19). Moreover,
villin uses one of its actin binding sites and bundles F-actin
filaments via dimerization (20).

A number of type III effector proteins possess multiple func-
tions (7). SipC is a multifunctional protein known to nucleate
and bundle actin in addition to its type III effector translocation
activity. We have previously separated SipC nucleation activity
from its effector translocation activity and demonstrated that
its actin nucleation activity plays a key role in Salmonella-in-
duced actin cytoskeleton rearrangements and bacterial inva-
sion (21). The molecular mechanism and the domain by which
SipC bundles F-actin remain unclear. Here, we separated the
actin bundling activity from its nucleation activity. We present
evidence that the C terminus of SipC bundles F-actin and con-
tributes to Salmonella invasion.

MATERIALS AND METHODS

Bacterial Strains and Infection—Wild-type S. typhimurium
strain SL1344 and its sipC (SB220)-null mutant have been pre-
viously described (12, 13, 22). Chromosomal gene replacements
were carried out by using a suicide plasmid as previously
described (21, 23). Salmonella infection of mammalian cells
was carried out as previously described (8) at a multiplicity of
infection (moi) of 10 for 15 min. The ability of bacteria to invade
host cell was evaluated using the inside/outside differential
staining assay as previously described (21) at least three times
(with >500 cells counted each time). Statistical analysis was
performed using Student’s ¢ test and GraphPad Prism 5 soft-
ware. The mammalian cell line HeLa (CCL-2) was purchased
from the ATCC cell biology stock center (Manassas, VA) and
was maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum.

Protein Purification—His-tagged recombinant SipC protein
and its derivatives were expressed and purified in Escherichia
coli BL21 (DE3) using the pET expression system (EMD Bio-
sciences, Madison, W1I). The purification of the His-tagged pro-
teins was performed under denaturing conditions according to
the manufacturer’s instructions (Invitrogen, Carlsbad, CA)
with slight modifications as described previously (21). His-
tagged T-plastin was expressed in E. coli and purified under
native conditions following similar procedures. Actin was iso-
lated from rabbit skeletal muscle as described by (24) and fur-
ther purified by Sephadex G-200 chromatography in G-buffer
(5 mm Tris-HCl at pH 8.0, 0.1 mm CaCl,, 0.2 mm ATP, 1 mm
dithiothreitol, and 0.01% NaN,). Purified proteins were con-
centrated and buffer exchanged in 100 mm NaCl, 20 mm Tris-
HCI, pH 8.0, using a 10,000 and 30,000 molecular weight cut-off
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dialysis cassette (Sartorius, Elk Grove, IL). Purified proteins
were snap-frozen in liquid nitrogen and stored at —80 °C. Pro-
teins were preclarified at 120,000 X g, and their concentration
was determined by Bradford assay (Bio-Rad) using bovine
serum albumin as standard.

Actin Assays—Actin nucleation assays were performed using
pyrene-labeled actin in G-buffer (2 mm Tris-HCl, pH 7.5, 0.2
mM dithiothreitol, 0.2 mm CacCl,) as previously described (21).
Fluorescence intensity was measured on a fluorescence spec-
trophotometer (Fluoromax-3, Jobin Yvon, Edison, NJ) with the
excitation wavelength set at 365 nm, and the emission wave-
length at 405 nm. Polymerization was initiated by adding actin
polymerization buffer from a 50X stock solution (100 mm
MgCl,, 2.5 m KCI). F-actin cross-linking or bundling assays
were carried out using the low-speed co-sedimentation assays
as previously described (25). Briefly, monomeric rabbit G-actin
was polymerized at room temperature in F-actin buffer (5 mm
Tris-HCl at pH 7.8, 0.2 mm ATP, 1 mm dithiothreitol, 0.1 mm
CacCl,, 1 mm MgCl,, and 100 mm KCl) for 1 h and preclarified at
low-speed (10,000 X g). Purified recombinant proteins were
preclarified at 120,000 X g for 30 min and subsequently incu-
bated with F-actin for 60 min at room temperature. The mix-
ture was then centrifuged for 30 min at 10,000 X g in a micro-
centrifuge at 4°C. Equal amounts of starting materials,
supernatants, and pellets were resolved on an SDS-PAGE gel
and visualized with Coomassie Brilliant Blue R-250 (EMD,
Gibbstown, NJ) staining. The amount of proteins was quanti-
fied densitometrically (Image Quant 5.1, Molecular Dynamics)
and was expressed as percentages of actin in the pellet. Each
assay was repeated at least five times with similar results. The
presence of actin bundles was also visualized by fluorescence
microscopy as previously reported (26). F-actin was mixed with
varying concentrations of recombinant proteins in F-buffer and
incubated at room temperature for 30 min. F-actin was then
labeled with rhodamine-phalloidin with 0.1% DABCO and 0.1%
methylcellulose. Samples were mounted on coverslips coated
with poly-lysine and visualized with a Zeiss AxioVert 200M
deconvolution microscope. For the in vitro G-actin and F-actin
binding assays, purified recombinant proteins were desalted
with protein desalting spin columns (Pierce) and further dia-
lyzed against G-buffer. All recombinant proteins and G-actin
were preclarified at 120,000 X g for 1 h before pull-down assays
were performed. G-actin or freshly polymerized F-actin at final
concentration of 4 um was incubated with 4 um of purified
proteins and incubated at 4 °C for 2 h. Purified proteins were
immobilized by adding Ni-nitrilotriacetic acid beads (Novagen,
Gibbstown, NJ). Prior to adding beads, 20% of reactions were
collected as inputs. The beads were then washed 5X in G-buffer
containing 1% Nonidet P-40 for G-actin binding and F-buffer
(with 1% Nonidet P-40) for F-actin binding. Pull-downs and
inputs were re-suspended in SDS-PAGE sample buffer and sub-
jected to SDS-PAGE and Western blot analysis using mono-
clonal anti-actin antibody (Sigma-Aldrich) and rabbit poly-
clonal anti-SipC antibody. For SipC-actin interaction in vivo,
HEK293T cells were transfected with plasmids expressing SipC
and its derivatives in pEGFP-N1. Transfected cells were lysed
48 h post-transfection in lysis buffer (20 mm Tris-HCI, pH 7.5,
150 mm NaCl, 1 mMm EDTA, 1% Triton X-100, protease inhibitor
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cocktails, and 1 mm NazVO,). The lysates were centrifuged at
15,000 X g for 15 min and precleared with TrueBlot anti-rabbit
Ig IP Beads (eBioscience). The supernatants were then incu-
bated with rabbit polyclonal GFP antibody overnight at 4 °C.
TrueBlot anti-Rabbit Ig IP Beads were added and further incu-
bated for 1 h at 4 °C. The immune complex was separated by
SDS-PAGE, and proteins detected by Western blot using the
TrueBlot protocol (eBioscience).

Electron Microscopy—Actin filaments and bundles were
formed as described above for the low-speed co-sedimentation
assays except diluted 10 times with F-buffer before mounting
on the mesh grids. The mixture was applied onto a 400 carbon-
coated nickel mesh grid and allowed to adhere to the carbon
film for a few seconds, followed by staining with 2% uranyl
acetate. Samples were imaged using a Philips CM-100 trans-
mission electron microscope operated at 80 kV, 200 um con-
denser aperture, 50 um objective aperture, and spot 3. Images
were captured on Kodak SO-163 film.

RESULTS

The C Terminus of SipC Mediates F-actin Bundling—Previ-
ous studies have shown that the C-terminal amino acid region
(amino acids 200 —409, SipC-C)? is required for its actin nucle-
ation activity (21, 27, 28). During the characterization of SipC-
mediated actin nucleation activity by fluorescent and electron
microscopy, we noticed abundant F-actin bundles when
SipC-C was present together with F-actin filaments. Because
the F-actin bundling activity of SipC was previously reported to
be conferred only by the N terminus (amino acids 1-120,
SipC-N) (28), we decided to examine the bundling activity of
SipC in more detail.

We first sought to determine whether SipC-N or SipC-C
confers the F-actin bundling activity of SipC. Full-length SipC,
truncated SipC-N, and SipC-C were purified as previously
described (Fig. 1A4) (27, 28). A quantitative low-speed co-sedi-
mentation assay was employed to measure the bundling activity
of SipC and its derivatives. As expected, most F-actin remained
in the supernatants when incubated alone. The majority of
F-actin partitioned into the pellet fraction when T-plastin was
added to the mixture (Fig. 1, B and C). When actin filaments
were incubated in the presence of full-length SipC, SipC-C,
more than 80% F-actin was precipitated into the pellet (Fig. 1, B
and C). In contrast, less than 20% F-actin was found in the pellet
in the presence of SipC-N (Fig. 1, Band C). We concluded that
the C terminus of SipC (amino acids 200 —409, SipC-C) medi-
ates the F-actin bundling activity.

To further visualize the effect of SipC on F-actin bundling,
we incubated F-actin and rhodamine-phalloidin with full-
length SipC, SipC-N, or SipC-C. F-actin alone was used as a
negative control, and T-plastin was added as a positive control.
In the presence of full-length SipC or SipC-C, we observed
F-actin cables similar to those induced by T-plastin (Fig. 1D)
under the fluorescent microscope. In contrast, addition of
SipC-N resulted in the F-actin appearance identical to that of

2 The abbreviations used are: SipC-C, C terminus of SipC; SipC-N, N terminus of
SipC; GFP, green fluorescent protein; EGFP, enhanced green fluorescent
protein.
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staining of purified actin from rabbit skeletal muscle, recombinant T-plastin,
full-length SipC, SipC-C, and SipC-N. The molecular masses of standard pro-
teins are indicated on the left in kDa. B, F-actin bundling assay measured by
the low speed co-sedimentation assay. F-actin was incubated alone, with
T-plastin, full-length SipC, SipC-C, SipC-N proteins at room temperature, fol-
lowed by centrifugation at 10,000 X g for 30 min. Supernatants and pellets
were then resolved on an SDS-PAGE gel and visualized with Coomassie stain-
ing. C, quantification of F-actin bundling. The experiment in C was repeated
five times, and the gels were scanned. The amount of actin present in the
pellet and in the supernatant was quantified. F-actin bundling activity was
expressed as the percentage of actin that sedimented in the total actin. Val-
ues represent means of five independent experiments with standard errors
shown. D, F-actin bundles visualized by fluorescence microscopy. F-actin was
incubated alone, with T-plastin, full-length SipC, the C terminus of SipC (SipC-
Q), or the N terminus of SipC (SipC-N) proteins at room temperature and
subsequently labeled with rhodamine-phalloidin. E, F-actin bundles visual-
ized by transmission election microscopy. F-actin was incubated alone, with
full-length SipC, SipC-C, or SipC-N proteins.
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F-actin alone (Fig. 1D). To eliminate the possibility that F-ac-
tin-binding phalloidin might play a role in F-actin bundling
experiments above, we examined the effect of SipC, SipC-N, or
SipC-C on F-actin bundling using electron microscopy. Con-
sistent with the fluorescent microscopy data, full-length SipC,
and SipC-C induced F-actin bundles, while F-actin incubated
with SipC-N appeared to be similar to that of F-actin alone (Fig.
1E). These data suggest that SipC-C bundles F-actin.

Distinct Domains Mediate F-actin Bundling and Actin Nu-
cleation Activities—SipC contains three putative domains: the
N-terminal domain, the central hydrophobic region, and the
C-terminal domain (28) (Fig. 2A4). We previously constructed
10 in-frame deletion-insertion replacement mutations through-
out the C-terminal domain of SipC (amino acids 201-409) (21).
Each mutant contained a 20-residue deletion and the M45-tag
(18 amino acids) epitope (29) was inserted at the deletion site
(Fig. 24, clones 1-10). Wild-type sipC gene with (clone 11) or
without the M45 tag at the C termini was also made in a similar
manner (21) (Fig. 2A4).

To localize region(s) responsible for the actin bundling activ-
ity, we purified the C-terminal domain of SipC-C (amino acids
201-409) and its #1-11 derivatives as previously described.
Purified recombinant proteins were then examined for their
F-actin bundling activity by the low-speed co-sedimentation
assay described above. SipC#2, SipC#3, and SipC#10 proteins
exhibited reduced levels of F-actin bundling activity, while
SipC#1 showed intermediate levels of activity (Fig. 2B). SipC#4,
SipC#5, SipC#6, SipC#7, SipC#8, and SipC#9 mutant deriva-
tives had similar levels of actin bundling activities comparable
to that of the wild-type SipC-C (Fig. 2B).

Purified recombinant proteins were further examined for
their F-actin bundling activity using rhodamine-phalloidin
labeled F-actin. SipC#4, SipC#5, SipC#6, SipC#7, SipC#8,
SipC#9 mutant derivatives induced F-actin cables similar to
those induced by wild-type SipC-C and SipC-C#11 (Fig. 2C). In
contrast, SipC#2, SipC#3, and SipC#10 lost their F-actin bun-
dling activities (Fig. 2C). Similar results were observed by elec-
tron microscopy (Fig. 2D) as described above. SipC#1 showed
intermediate levels of bundling under the electron microscope.
To ensure that SipC#2, SipC#3, and SipC#10 proteins were
functional, we measured their nucleation activities as previ-
ously reported (21). SipC#2, SipC#3, and SipC#10 proteins
maintained their nucleation activity levels similar to that of
wild-type SipC-C (supplemental Fig. S1). Taken together these
data show that the amino acid residues 221-260 (SipC#2 and
SipC#3) and 381-409 (SipC#10) of the C-terminal of SipC play
a role in SipC-mediated F-actin bundling activity. Because the
actin nucleation activity of SipC was previously mapped to
amino acid residues 201-220 (SipC#1) (21), these data separate
the F-actin bundling activity of SipC from its actin nucleation
activity.

The C-terminal End Region of SipC (amino acids 381—409)
Binds F-actin and Is Essential for F-actin Bundling—SipC has
been shown to bundle and nucleate actin in vitro, although
direct association and the SipC domains necessary for the inter-
action with actin have not been demonstrated. We therefore
sought to map SipC regions involved in F-actin binding. Full-
length SipC, truncated SipC-N and SipC-C were incubated

JOURNAL OF BIOLOGICAL CHEMISTRY 13359


http://www.jbc.org/cgi/content/full/M109.094045/DC1

SipC C Terminus Binds F-actin to Promote Salmonella Invasion

A D © ©® S © O © S S D The above experiments were
A N R . S S N . .
WY I NN S done using the truncated C-termi-

FF &P SIS SE ) . S
1 120 B R R R S O nal domain of SipC-C (amino acids
SipC-N ! SipC-C 201.—409).. We r.1ext asked whether
amino acid residues 221-260 (#2
B ¢ and #3) and 381-409 (#10) are
& .&Q required for the F-actin bundling

» ) #1 #2 #3 #4 #S #6  #7 #8  #9  #10 #11

activity of the full-length SipC. Sim-

SPSPSPSPSPSPSPSPSPSPSPSPSP

ilar #2, #3, and #10 mutations were

ol -  eeasem——— W W W = W ACtin o 0quced into the full-length
N b o SipC. Durified full-length SipC,
SipC#2, SipC#3, and SipC#10 were

lﬂ.@ dz@ o ‘);?e e? R = 25 )‘.’ 2 {?9 4’0_71 )00 %” e" % 3 then examined for their actin bun-

] Qe . 2, 7, 7, R Q/ 2 R Q/ G_ R dling activities in vitro by the low-
2 Y Y 2 9 9 %Y speed co-sedimentation assay de-

#1

Actin

£ “.“ :

FIGURE 2. The central (amino acids 221-260) and C-terminal (amino acids 381-409) regions of SipC-C are
involved in F-actin bundling. A, schematic diagram of wild-type SipC protein and its mutant derivative (1-11)
proteins. SipC-N represents the N terminus amino acids 1-120, SipC-C represents the C-terminal amino acids
200-409, and TM represents the putative transmembrane region. B, F-actin bundling assay measured by the
low speed co-sedimentation assay. F-actin was incubated alone, with SipC-C or its mutant derivatives at room
temperature followed by centrifugation at 10,000 X g for 30 min. Supernatants and pellets were then resolved
on an SDS-PAGE gel and visualized with Coomassie staining. The experiments were repeated five times and
quantified by densitometry scanning. F-actin bundling activity was expressed as the percentage of actin that
sediments in the total actin. Values represent means of five independent experiments with standard errors
shown. F-actin bundles were visualized by fluorescence microscopy (C) and by transmission election micros-
copy (D). F-actin was incubated alone, with SipC-C mutant derivatives as described.

with F-actin, and their interaction was examined using pull-
down assays. As shown in Fig, 34, full-length SipC and SipC-C
were able to interact with F-actin and SipC-N did not. Further-
more, wild-type SipC-C and most of its derivatives were able to
bind F-actin. SipC-C#10 failed to bind F-actin while SipC-C#2
and -#3 had reduced binding to F-actin (Fig. 3B). Wild-type
SipC-C and all its derivatives remain active in binding to G-ac-
tin as demonstrated by both the pull-down and by gel overlay
assays (data not shown). SipC and SipC-C also bind to endoge-
nous actin in tissue-cultured cells (Fig. 3C). Together, these
results demonstrated that the tail region of SipC (amino acids
381-409) is essential for F-actin binding.
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scribed above. Consistent with
the data obtained with the trun-
cated SipC-C, full-length SipC#2,
SipC#3, and SipC#10 proteins failed
to induce F-actin bundle formation
while the full-length wild-type SipC
was active in forming F-actin bun-
dles (Fig. 4A). Similar results were
obtained when their F-actin bun-
dling activity was studied by elec-
tron microscopy (Fig. 4B). Further-
more, full-length SipC#2, SipC#3,
and SipC#10 proteins had actin
nucleation activity comparable to
that of the wild-type SipC (data not
shown). These data demonstrated
that the C-terminal end region of
SipC (amino acids 381-409) binds
F-actin and two regions of SipC
(amino acids 221-260 and 381-
408) are essential for its F-actin bun-
dling activity.

SipC Mutants Deficient in F-actin
Bundling Are Less Invasive into
HeLa Cells—To invade non-phago-
cytic cells, Salmonella secretes mul-
tiple effector proteins that engage
the actin cytoskeleton to mediate
bacterial entry (7). SipA, SipC,
SopB, SopE, and SopE2 are all
known to modulate host actin
dynamics to promote Salmonella invasion. It is becoming evi-
dent that mutations in one effector often result in minor or even
undetectable invasion defect using tissue-cultured cells. In fact,
there was little detectable invasion defect when the F-actin
bundling deficient mutants (sipC#2 and sipC#3) were examined
in the wild-type background (data not shown). Mutations in
sipA, or sopB result in a moderate reduction in Salmonella inva-
sion while deletion of SopE led to a more dramatic decrease in
invasion (8, 9, 11, 30). Because SipA and SopB may have an
indirect role in actin bundling, we reasoned that the sipAsopB
strain may eliminate/reduce functional redundancy. Thus, we
decided to introduce the sipC#2 and sipC#3 mutations into the
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FIGURE 3. The C-terminal end region of SipC (amino acids 381-409) binds F-actin. Preformed F-actin was
incubated alone or with full-length SipC, truncated SipC-N and SipC-C (A) or with SipC-C derivatives (B). SipC
proteins were then pulled down by adding Ni-nitrilotriacetic acid beads. Pull-downs and inputs were separated
by SDS-PAGE and actin was detected with anti-actin antibody, and SipC was visualized with polyclonal anti-
SipC antibody by Western blot. C, HEK293T cells were transfected with plasmids expressing EGFP (vector
control), SipC-EGFP, SipC-C-EGFP, and SipC-N-EGFP. The interaction in cell lysates between SipC and actin was
examined by coimmunoprecipitation with anti-GFP antibodies followed by Western blot using anti-actin or
GFP antibodies.

(active in F-actin bundling) was
similarly introduced into the chro-
mosome of Salmonella sipAsopB as
a control. We first showed that the
sipAsopBsipC#2, sipAsopBsipC#3,
and sipAsopBsipC#5 mutant strains
maintained their effector trans-
location activity similar to that of
parent sipAsopB strain (data not
shown). We then tested these
strains for their ability to invade
HeLa cells. The sipAsopBsipC#2
and sipAsopBsipC#3 mutant strains
were significantly less invasive
when compared with that of their
parent sipAsopB strain (Fig. 5).
The invasion defects were re-
stored upon the introduction of a
plasmid encoding the wild-type
SipC into the sipAsopBsipC#2 and
sipAsopBsipC#3 mutant strains (Fig.
5). Similar results were obtained in
human Caco-2 cells (data not shown).
These data demonstrate that the
bundling-deficient sipC mutants had
lower invasion rates than that of the
wild-type SipC.

DISCUSSION

Multifunctional proteins pose
significant challenges to study be-
cause the traditional null mutation,
knock-out, or knock-down strate-
gies have limited use. Small muta-
tions are often created to abolish
one activity while maintaining other
known activities. Salmonella SipC is
known to have actin nucleation,
F-actin bundling, and type III
effector translocation activities. We
have successfully used small dele-
tion replacement mutagenesis ap-
proaches to create mutant SipC
derivatives, which lose one of the
mentioned activities. We presented
data here indicating that the SipC C
terminus (amino acids 381-409)
contains the F-actin binding site.
We further showed that amino acid
residues 221-260 (#2 and #3) and
381-409 (#10) are required for the
bundling activity in either the trun-
cated SipC-C or the full-length
SipC.

chromosome of Salmonella that are devoid of sipAsopB result- Previous studies have shown that SipC protein mediates
ing in sipAsopBsipC#2 and sipAsopBsipC#3, respectfully. Muta- ~ F-actin bundling activity and have suggested that the N termi-
tion sipC#10 was eliminated from this experiment because itis nus of SipC protein is responsible for this activity while the
deficient in all effector translocation (21). Mutation sipC#5 C-terminal region facilitates the actin nucleation activity (21,
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shown. B, F-actin bundles visualized by transmission election microscopy.
F-actin was incubated alone, with full-length SipC or its full-length mutant
derivatives.
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FIGURE 5. SipC mutants deficientin F-actin bundling are less invasive into
Hela cells. Hela cells were infected with the wild-type Salmonella strain,
sipAsopB-null mutant strain, sipAsopBsipCi#2, sipAsopBsipCit3, sipAsopBsipC#5
mutant strains, or strains carrying plasmids expressing the corresponding
mutant SipC proteins. The relative bacterial invasion was determined by the
inside/outside differential staining assay. Data presented are from three inde-
pendent experiments (>500 cells) with standard deviations shown. Statisti-
cal analysis was performed using Student’s t test and GraphPad Prism 5
software.

27, 28). Data presented from this study demonstrate that the
SipC C-terminal amino acid region (amino acids 200—409)
possesses the F-actin bundling activity. We showed that both
the truncated SipC-C and the full-length SipC possess F-actin
bundling activity based on qualitative microscopy assay and the
more quantitative co-sedimentation method. We further iden-
tified that amino acid residues 221-260 (#2 and #3) and 381—
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409 (#10) are required for the bundling activity using either the
truncated SipC-C or the full-length SipC. Furthermore, we
found that mutant strains deficient in F-actin bundling are less
invasive into HeLa cells. These results indicate that the F-actin
bundling activity of SipC plays a significant role during Salmo-
nella infection.

As mentioned above, a previous report (28) showed that the
N terminus of SipC had F-actin bundling activity while the C
terminus did not. This is contrary to our data that the C termi-
nus of SipC possesses the F-actin bundling activity. It is known
that recombinant SipC proteins form inclusion bodies and
often have to be purified under denaturing conditions. It is pos-
sible that some of the purified recombinant SipC proteins lost
their actin bundling activities. Whereas there are no other
known testable activities for the N terminus of SipC, it has been
demonstrated that the nucleation and translocation activities
lie within the C terminus of SipC (21, 28). Our purified recom-
binant SipC-C maintained its actin bundling activity levels
comparable to that of the full-length wild-type SipC, indicating
that the N terminus of SipC is dispensable for its bundling activ-
ity. In addition, our in vitro biochemical data showed that
amino acid residues 221-260 (#2 and #3) and 381-409 (#10)
were required for the actin bundling activity of SipC. Although
full-length #2, #3, and #10 mutant SipC and the truncated
SipC-C lost their bundling activities, their actin nucleation
activities did not change. Furthermore, the chromosomal
mutants sipC#2 and sipC#3 had comparable translocation
activities to that of the wild-type Salmonella. Taken together,
our data strongly support the conclusion that the C terminus of
SipC has F-actin bundling activity.

The biochemical mechanism by which SipC mediates its
F-actin bundling activity remains unclear. In general, F-actin
bundling activity requires at least two independent F-actin
binding sites or a combination of one binding site plus a self-
association domain. We have shown previously that wild-type
SipC is capable of forming dimers (27). It is tempting to specu-
late that SipC might self-associate to bundle F-actin filaments
using its C-terminal F-actin binding site. Our preliminary data
showed that mutant #2, 3, and #10 remain capable of forming
dimers (data not shown). Because #2, #3, and #10 had lower
F-actin binding activity, we speculate that the bundling defect is
likely caused by the loss of binding to actin, rather than the
inability to form dimers.

Salmonella-induced actin cytoskeleton rearrangements re-
sult from complex and combined action of multiple bacterial
effectors and host proteins (7). It is well recognized that muta-
tions in one type III effector often result in minor, transient, or
even undetectable phenotypes in tissue-cultured cells. Cooper-
ation between Salmonella SipA and SipC has been reported
using in vitro biochemical assays (31). SipC has also been shown
to synergize the activity of SipA, SopB, and SopE within cul-
tured cells (32). We have shown previously that the actin nucle-
ation-deficient SipC mutant #1 had reduced levels of actin
cytoskeleton rearrangements in infected HeLa cells (21). We
did not observe dramatic differences in cytoskeleton rearrange-
ments in various tissue-culture cells when the chromosomal
mutants sipC#2 and sipC#3 were used. When the sipC#2 and
sipC#3 mutations were introduced into the chromosome of
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sipAsopB mutant Salmonella, we found that the sipAsopB-
sipC#2 and sipAsopBsipC#3 mutant strains were significantly
less invasive when compared with that of their parent sipAsopB
strain. These data demonstrate that the SipC F-actin bundling
activity is important in Salmonella entry into host cells and
likely exert its actin modulating activity in conjunction with
SipA and SopB.

It is becoming evident that Salmonella-induced host actin
cytoskeleton rearrangements result from the intricate interplay
between numerous bacterial effector molecules and host
cytoskeleton proteins. The bacterial effectors exploit the
cytoskeleton at both the signaling pathways and at the actin
dynamics by binding/interacting with components of the actin
cytoskeleton directly. It is not known why Salmonella strains
evolved the multi-functional SipC to affect the host actin
cytoskeleton. It is possible that by having the translocation
activity and actin modulating activity associated with the SipC
protein, Salmonella strains are able to mount a more promi-
nent, and yet localized, actin cytoskeleton rearrangements at
the site of bacterial contact. Future studies will help us to
understand how various activities are coordinated during Sal-
monella invasion.
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